Abstract -This paper presents recent development and utilisation of fibre-optic sensors for the Australian mining industry. The main opportunities and challenges for the fibreoptic sensors are discussed. This paper includes some of the projects on fibre-optic based monitoring systems for underground mine environment, gas drainage, methane gas, conveyor belt, roof deformation and crack development.
I. INTRODUCTION
Fibre-optic sensing technology continues to grow after more than 60 years of development and application in various areas. Fibre-optic sensors were mainly developed in three distinct stages. The first stage included fibre-optic gyroscopes and hydrophones, which were developed mainly for military applications. In the second stage, extrinsic and intrinsic sensors based on Fabry-Perot interferometers were developed and utilised in various industrial applications. The third stage started with the design and development of Fibre Bragg Gratings (FBGs) [1] . It is noted that many other fibre-optic sensing technologies have also been introduced and developed in each of these three stages.
Fibre-optic sensors have been utilised for single-point sensing, multi-point sensing and continuous sensing. Kersey and Dandridge [2] classified the applications of fibre-optic sensors into five main areas of military, chemical and medical, civil, industrial and navigation systems. Krohn [3] argued that the distributed and multi-point sensing systems are experiencing more rapid expansion compared to the point sensors. Examples of distributed sensor applications are in oil and gas wells, pipelines, wind energy turbines, geothermal, avionic, military, shipboard monitoring, homeland security, process control and infrastructure.
It is evident that the application of fibre-optic sensors in various industries such as oil and gas, petroleum, nuclear, medical and food industries is fast developing in recent years. It is, however, very important to understand that the technology has not yet reached maturity and there are many more new applications and commercialisation opportunities. It must be noted that within the Australian mining industry, there has been limited strategic planning for identification and adoption of fibre-optic sensing technology. Mining industry needs to realise the importance of this technology in improving safety and productivity in various mining operations. This paper highlights some of the recent developments in utilising fibreoptic sensors in the Australian mining industry.
II. OPPORTUNITIES AND CHALLENGES
The mining industry applications for fibre-optic sensors technology can be categorised in five main areas of health and safety, geotechnical, ventilation, borehole, and condition monitoring [4] . The fibre-optic sensors for some of these applications have commercially available while others need extensive fundamental research and technology development. For example, for borehole monitoring, a number of challenging issues such as extremely high temperature and pressure and limitation in the available space should to be taken into consideration for the design and development of suitable fibreoptic sensors.
A more detailed investigation of environments where sensors will be used in conjunction with technical requirements should be carried out in order to determine the technology requirements for the development of the fibre-optic sensors. The research and development of the fibre-optic sensing technology should account for identification of advantages and disadvantages of this technology in various mining applications.
The main challenging issues for the future development and utilisation of fibre-optic sensors are to identify the transition from easy laboratory demonstrations to the real industry applications; to recognise the wider adoption opportunities for the existing sensor applications; to classify the required international standards for the developed sensing systems; to determine the required trials for the developed sensors; and to realise the steps towards faster adoption of the existing technology in more conservative industries.
It is important for researchers and developers of fibre-optic sensing technologies to know if a highly niche solution create enough use to warrant development beyond a laboratory capability. It is critical for research institutes and universities, industry partners, and mining equipment and service companies to interact more effectively with the sensor manufacturers to better connect requirements and solutions. The best model is when the mining industry has a challenging problem to solve; that should be wakening the interest of researchers and people in the commercial community to explore solutions and design products that have potential to address this challenging problem. With an increase in the size of the team of collaborators from industry, research and manufacturers, the risk of failure decreases. This means the design of sensors takes place in order to satisfy the needs of the industry application with high chance of success.
III. DEVELOPMENT OF MONITORING SYSTEMS

A. Mine Environment Monitoring
An experimental investigation was carried out on the suitability of a fibre-optic based Distributed Temperature Sensing (DTS) system for underground mine environment monitoring. A fibre-optic cable was installed in the accessible roadways of an experimental underground mine (Fig. 1) . The ventilation was changed and the temperature distribution was measured along the mine workings. The DTS system proved to be a reasonably accurate temperature measuring device as an underground mine environment monitoring system. The system proved to be a very cost effective solution when real-time measurement of variation of underground mine temperature was required.
FIGURE 1. Underground installation of DTS system [5]
B. Gas Drainage Borehole Monitoring
The effectiveness of deploying a DTS system (Fig. 2) in monitoring pre-mining gas drainage boreholes was studied. The thermal signatures of gas flow through the gas drainage borehole was examined to understand the variation of gas drainage performance. It was found that the DTS system was capable of providing a large amount of information on the temperature profile of borehole that could not be obtained using the existing monitoring devices used by the mining industry. This information was interpreted to understand the physical characteristics of the borehole and the gas flow field behaviour within the borehole. FIGURE 2. Underground installation of DTS system [6] C. Conveyor Belt Condition Monitoring A DTS-based conveyor temperature monitoring system (Fig. 3 ) was developed to monitor the thermal characteristics of conveyor idlers. Any increase in the temperature profile of the idlers was an indication of malfunctioned idler operation. A series of site trials were conducted to demonstrate the reliability and accuracy of the developed system. It was found that when a faulty roller reaches a temperature of 100°C, the monitoring system was capable of identifying and locating the corresponding idler. The DTS-based monitoring system can be used as a fire detection device in addition to a condition monitoring system. It was also suggested that this system should be linked to a Distributed Acoustic Sensing (DAS) system for early detecting the faulty idlers. FIGURE 3. Conveyor belt temperature monitoring [7] A DAS-based conveyor monitoring system was developed (Fig. 4) to help the conveyor operators reduce unplanned downtime and reduce the required routine inspections. The developed system provided the opportunity for the operators to monitor the conveyors that were located in inaccessible areas such as return airways with limited access in underground coal mines. The system was capable of removing some of the disadvantages of traditional monitoring devices such as high labour and equipment costs, hazards to personnel, losing or missing the information related to overheated idlers. The final stages of the development of the system are being currently undertaken. 
D. Methane Gas Sensing
A spectroscopic fibre-optic gas sensing system was designed and developed. Initially, a series of pre-filled open-path gas cells with known concentrations of methane were tested to examine a technique for measuring the average methane concentration. The developed system was then used to investigate the development of an all-fibre methane sensor using a drilled-hole hollow-core optical fibre (Fig. 5) . Direct Absorption Spectroscopy and Wavelength Modulations Spectroscopy were tested using a DFB laser source. It was found that the drilled HCFs was a good candidate for the development of an all-fibre sensor in multi-point measurements of methane concentration in underground coal mines. FIGURE 5. Drilled hollow core fibre [9] E. Surface Slope Stability & Underground Roof Monitoring Fibre Bragg Grating (FBG) based monitoring systems were designed and developed to measure the crack spacing in a slope stability problem in surface mines (Fig. 6) and to sense the roof deformation in underground mines. Both systems are currently being calibrated and tested to be demonstrated in real mining applications. FIGURE 6. FBG-based crack monitoring [10] IV. CONCLUSIONS Fibre-optic sensing has revolutionised the way many industries operate in Australia. It is time for the mining industry to realise the importance and benefits of such technology. Fibre-optic sensors have many applications in mining industry and can be very beneficial especially where hazardous area compliance stifles technology uptake. Recent development and utilisation of fibre-optic sensors with the focus on mining applications demonstrate that the fibre-optic sensors offer a number of advantages compared to conventional electrical sensors on sensitivity, accuracy and reliability. It has been recommended that a mature understanding of the present states of monitoring systems used in the mining industry in Australia and actual conditions of quality assurance should be developed. This leads to the development and adoption of future fibre-optic sensors that can address the main challenges of Australian mining industry. The focus of the future work should be on establishing a collaborative team of industry partners, research organisations, equipment manufacturers and fibre-optic sensor developers. This partnership will assist the team to identify and implement plans for potential areas of research, development and utilisation of fibre-optic sensors in mining industry.
